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- . . AESTHACT o

This paper descrives ' the ghil
* [, 8ystem® and presents an example of one duch system in the domain of
manipulative mathemgtics--ELOCKS. The notioh of BLOCKS as a paradi%matic
" system 1is .explisated from both the system development and educatio
viewpoints. Erom a developmental point of. view, the modular design of
ELGC provideg a workirg framework within which to exglore different

monitoring fungtions and various tutoring strategies. particularly
.interesting. scovery that arises from experiences with the system is the
nheed for a styyctural model of a student to direct the content and level of

. the tutor"™s cGaments. -From an educational viewgoint BLOCKS provides a
’ zed {ntelligemt tutor in a

aragagic examfle of the Eotential of a computer

.;aooratory epvironment. y monitoring the student's behavior, the system
can notice interesting situations and direct’ the studeat's attention to
them. 1In this way, tpe computer can provide.  conceptual strbeture and
guidance to a student's otherwise undirected experiences. *
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.A PARADIGMATIC EXAMPLE OF ARTI:ICIALLY'iNTELLIG?hT
LNSTRUCLIOHKL SYSTEM

] - ¢

/
- John Seely Brown and Richard R. Burtgonm :
Bolts Beranek and Newman Inc. «

~ ® . Cambridge, Mass, { . =

.

P

Yhié is a period'or‘ﬁraéat‘c a&vances in computer téchnolégy which
"snoald tha tne way computers ar&.employed in instruction Technological
advances né\% decreasé the cost of cozputer hardware to the extent that
. acn student will Bave' avallable codputatiqnal nﬁsources dn cn are
‘Iiﬁrrent y restr*ctgﬁ tc a few éiite users, Traditionsl ccnputer-assisted
. 1nstruotion <CHI) parac'gus wepe ‘developed under ‘the assunpt*oﬂ that

corputakional power ls a scerce resource, and tnese panadig~s are,"or the

1)
or

most pant, incapagl T expicliting the ‘atest tecnnologival édvances. 70
effectivgl* <s€ Ine !ncoreased availab*i‘ty of corputational power requires
a re-eval Jat on:of therrclie of trne vomputer in *nsbruct.o.al paradigres.
This paEer q§scnicé§{ resegren directed at understanding and q;aigning
arti’iciall intelligent‘instr-”t*Oral systeps -- éaseﬁ on Al-ﬁaradigsq --
whicn . take fuiier advarntage of inc raased computatfona1 power.” Tne kind o’
'-nSt ctional systen we are investl gat*ng does more than spew fort?\ its
xnovwledge’ .as factuaal Lnfor:aticn. gt_ uses its knowledge base and
probler-solvipg-expertise tc zid tr; student in sev?ral ways. ?ipst, Tt
answers.his questions‘anc can&fva¢4are nis tneor*es as well as cr{}iqﬂe his ,
{t ean forg structural models of hds re&soning

’

sclution paths. Second,
stratég{eé? These ;tructunai mdels a.ne~ ysed both to Iidentify p}i
fundazental éisconceptichs ana to determine 'when and how to providé
remediation, heuristic recomy ndations ("hints"); or, further instruction.
In addition to the assumed computational power, the AI 4instructional
paradiém differs from élass*ca I in terms of the tyve.of knowlédge it
seeks to develop. ke are not focusing on tecnniques for teaching factual,
textbook know}edge (which can often - be competently - handled _,PV
fraze~oriente¢ CAl or EMI systems). Instead we are focdbing on technigques
for teaching procedural xnowledge and reasoning strategies which gre best

learned through hands-on latoratory or problem-solving tasks, during which
the student gets a‘'chamce to exeraise his knowledge under. the watchful and
critical eye of an automated iﬁtelligpnt'tutor. That is, an’ intéiligedt-



)
»

(L

- _1nstruct*ona1' system atterfts to mimic the capabilitiés of a laboratory

- ) ins;,yctov working on & one-to-one ‘pasis with a studenz, carefully
‘diagnosing what the sfucent xnows, how he _réasons, and what kinds of ) .
= ’ 'deficiencies exist in nis stility to apply his féctual knowledge.’ The - i |
d ) 'System then uses _tnié_infprred,gpowledge 02 the Qtudent to deterzine howy ¢ ’
- ) T test o ’critique and/or xicitz witr nim. : ."
wrile we are stfll z long way froz attaining this goal, -we have .

:eveﬁopeé.%p organization for intelligent instructional s§stezs, (descri

in Brewn [1375))' wmicr appears fruitful. Our zetbodq}ogf for developing

tnis organizatioﬁ "ard tre theory underlying it) has been‘}o explore _parts .
,cf the .0verall orgarnizatior 1n( "paradigrmatic™ systezg. A paradigratic
syster {s an easdly mcaified ;rctétype syéteQ constrycted over a carefully
. croser  zomain of knswiedze. Trnis metncdology allows experirentation with >
scze ;Sp-ct of tre cverali systez ty simp lifying other aspects. In tgis
radigratic systems -- BLOCEKS.. We have
veluding electronic troubleshooting -- -~
; Erou? et al. 1976]; arithmetic drill

» and practice -- WEST _H.r¥en and Erown 5{6;, nlemenggry algebra (Brown et
al. 1375]; and gprccedural seills in Britnmetic -- BUGGY [Brown et al‘
t 770, In additior, systess of “sizilar spirit are bteing developed by .

A ;rerequisiée for'a Earazlg:a;ic syster is a sutrject domain that has
a sizple an< elegar® structure. Trne dozair cust have a logical forzulaticn .
trat is ootn well-zZefines and eazsily specifiable.  In Fgddition, the lqgical f
v structures of tne dozain =.st support natural cappingh (analogies) into the
k¥inds of cozplex anc real worlc dezains that 4instructional systesms are ‘
_~dntended to handle. : - . ’ }
/ & dozain tnat appears to ve ideal for this‘turpose derives f{ros that
. L ﬁart“of the wofld.or eanipulatory rathematics known as attribute blocks - %
' o ’ “{Greenes ,eg’ al. - 1972; [ienes and Golding 1?66' éle rentary Scieuc;\Study - T
J968]. Although attripute Slocks’ can be used to explore a rieh variety of ' ) 1
interesting, cozmon-sernse reasoning principles, we shall focus on just one . -

application -- a gare which coztines the notions of logie, deqision;zaking s

- L 4 /( ‘. ’ z M ) .
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and hypothesis formation into an interesting exercise on how to ask optimal oh

questions and how to draw 1nferences froz the answers.

-

Description of ‘the Game
This gane is played with the 32 attribute blocks, a_deck of attribute
cards and 2 looped strings. Each block has three attributes: .7
hd .

v SIZE: small or large o -
; COLOR: red or yellow or green or blue.
SHAPE: triangle or square or circle or dienond

-

There is one blqack in the 'set of 32 for each possibjle cbabinaﬁion of the

‘ A 4
values of the three attributes. -

The décx isnmade up of 18 cards. . Written.on each card is an attribute

valuﬂ or tne negation of a value.
. A} ~
1.~ LAFGE 7. ??I‘hGL: 13. KOT YELLOW .
2. SMALL g. CIRCLE 14. KOT GREEN
2. BLUE §. SSUARE 15. KOT™IRIANGLE .
# ar RE 15, CIAMOND 16. NOT CIRCLE
2. YELLCHW 11, HOT BLUE. 17, kOx SQUARE
. GREEN 12. %r‘ =D 16. KOT DIAFOND .
. = *

H

.ihe student taxes the two looped strings énd‘overlaps-thea as 4in

t?‘gure . 7his arrangeeent of tne looped strings ereates four areas. -Area

1 s tnsige tne string or tne left (loop A) dnd outfide the string on’ the
régnt {loop 2j.: Area -2 is inside loop B and outside loop A. Area 3 is
inside both loops. Areaz & is outside both loops. [;
The squares lépelled Card X and Card;s in Areas 1 and 2 represent two -
cards which the teacqér chooses from the deck of cards. The studest is HOT’?
told which cards have beenh chosen. The, object of the gane ‘is for the—,
student to guess the attribute value written oh each of these tw cards.
T0 do this the student chooses blocks ome at a tiae and asks the teacher
where the block goes (accgigrng to the rule that a block i place¢ inside‘
of loop 4 cnly {f it sab#Blies the value on Card A, and inside of loop-B
only if it satisfies the value n qud B, e.g. if A=SQUARE and Card
B=KOT BLU“ then the Large * ?eilow Square goes in Area 3). Tne student
continues choosing blopks "asking where they g0, and placing them there,

until fe believes Me has placed engg:h blecks to uniquely identify (1 ..

-

deduce’) what each of the cards 1s. (The reader is _encouraged to play tbi!

#
game using pgpen and pencil €o get a.feelins for the4 types ot deductions
involved. ) ’
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" what' can a computer do -for this enVironment? ‘ , ,
Hanipulatory matn. tools represenf, in our Opinion one of the bBest
uses of simple, inexpensive techipoiogy.: It was, therefore, with some
trepidation _that we. considered contaminating this othervise-simple domain
with "high techndlogy". However, after watching numerous people use . -
attribute blocks, w%, felt <there were many important tasks Fhat could be
better accompli!hed {and in soxe cases, _g;x accompliphed) by having g
4 knowledge-based CAI system Ia particular, ii was clear that. questions
like "When have I placed enough blocks?" or “?hat 1s the best next Ylogk to '
N . place?" . requires concentration and traﬂn&nq beyond that of most < teachetrs,
. Indeed, that these are pnofitaqle questions to ask 1s seldon aopreciatéa.
*he Juse and import of thése questions will be _meen in the following
4 : ' protocols. : .
. \ B -
Protocols
"In  this section,’ we present , three annotatea pratocols «f a
' * hypothet ical st dent using sLOCKS. Each protocol buiids on the prior one
- and illustrate:E additional tutoring features wnich are realized by having
A tne instrugtional systerx ,take on additional information . processing
capabilities. One of tre interesting aspects of BLOCKS 'i's the way that the
‘domain of attribute blocks gains depth by the addition of these
capabilities. '
The annotations jn these protocols include references to components in
- ;5ne basic architecture of BLOCKS. Figure 2. 1llustrates ‘its functional
decomposition into the modules referred to below. The first protocol stems
from a relatively simple version of Figure 2 in which there are thee(
mopitors and a'tutor. The first monitor (which - heavily utilizes the ’ .
expert)' evaluates the student’s conjecture about what a card is and
determines into\whicn~of the - following three tategonries the conjecture
falls: 1) the conjecture is necessarily correct (1.e. the'current’ulock
placements entail that card and only that card); 2) it is consistent with
the'~knoﬁn information (i .e. block placements) but there are still other '
possibilities for the, carﬁ, pr 3) the conjecture is inconsistent vwith th .
current block placements. If the conjecture’is inconsistent, this mpnito:}L~'<—‘ |

also. selects a counter-axample. The second monitor determines if the

’
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¥ placement of a-— chosen block' could have been deduced from. the existing .
blocks, i.e. 1if it 1is a logically redundant block. From *a strict -

) > iyformatioi theoretic point of view, such . choices reflect informationless
S . questions. Detecting such questions is an easy task for the monitor to
'*f‘: ’ perform, but ma difficult one for .a *human teacher. The third monitor
"ﬁﬁégg . determines when there is sufficlent information (blocks already placed) to

deduce what ‘gne of ‘the cards is. *

These monitors, are constantly watching ﬁ%e en;ironment (1.es student
moveé} - Tney "wake up" tne tutor whenever, they detect something of
1nterest,' informing the alerted tutor of what it was that they found worth
uaking him up for.. The tutor invokes one of sevenal Socratic teaching
strategies for trying to get the student to rdalige cencepts such a3d: 1)
the notion of naving contradietory evidence to a hypothesis, i1) the
notion of having ebfficient tntormation to make a deddction; or 11;) the
concept of redundancy;and why his particular block choice was redundant.

- N , . PROTOCOL 1 ' .

\ -

The lines with "#¥%#" in the left column were ty?ed by the studept at .
nis own initiative. The lines with ">>>" in the left column were typed by

the student in response to a-query by the tutor. _ Ca
L 2 . -
\ ". WELCOME TO THE ATTRIBUTE BLOCKS wORLD .
TWO CARDS ‘aws BEEN CHOSEN. S
Syst&gﬁelects two cards. . C - . . .
* ----CHOOSE 2 BLOCK~--~- | .
' S##ARGE Y SQ
. The student "tells tpe system which block he upuld 1iRe placed. The
. system , recognizes abbreviations of block descriptions
PUT THE LARGE YELLOW SQUARE IN AREA 3. . " ,
- .- e .
. ' System tells.him where to place his _)ock in accordance with what the r
) cards are. ]
4 ‘ s
. .
-~ ° . . .
) seaguaLl YELLOW XUARE - ’
- 8T THE SMALY YELLOW SQUARE IN, AREA 1.
" YOU SHOULD ABLE TO DEDUCE CARD B NOW.
. - ) ' ] .

\

. The monitor watchihg the Eossibilitfbs space wakes u the tutcr bo

e tell the student a entia)ly surgr sin% fact: ere is onlg one - .
gossible theory left for Card B even thou here isn't a single block

AREA 2 'and jonly two blocks have been placed! This is an example of -

the type o\\zch}toring humans are not very good at y) e

; _ ) | R ‘ o

S | 10,

L4 4 >




~ .
. V. Py - -~ - » 3 I3 . \' -
A I : .
] v : B ! . .- 1 b
] *#41S CARD B LARGE?  ° I NG L o
. ) Student forms a conjecture. In the:non-computerized version of the
* game, this estion had only two answers; yes and no.’.That is,-the
. conjecture iy the same as the card or it is not. The tutor allows
R ¢ Jthis to be \answered in thpee ways: Yes, No, or Maybe. ‘In this case
LARGE 1is the on%y possible ue Card B could have; 80 the answer 1is
. yes. , . -
; YES, THAT IS CORRECT." . 7 i} |
#4415 GARD A SMALL? . . s '
Student forms another conjecture. In this.case, the tutor finds a
/ cgugter-example to his conjecture so the answer iB "no and here s.
why". - - . -

L 3
NO. JIF CARD A WERE SMALL, THEN THE LARGE YELLOW SQUARE
WHIEH IS IN AREA 3 WOULD BE OQUTSIDE OF LOOP A.

e ##8ARGE Y DI
PUT THE LARGE YELLOW DIAMOND IN AREA 3.

e
rd

L

N
#%47S CARD A YELLGW? ¢ -

s The student forms another conjecture. _ In this caLe the tutor informs
‘ him that his "guess" ‘I3 consistent with the known information but that
# is just a guess vecause there”are still other Eossibilities. This
is an example of "maybe." Note that a human teacher would have a hard
time distinguishing this fact ‘and would sjimply answer yes or no

depending on whetheér Card A was Yellowtl .
. " IT COULD BE, BUT IT COULD ALSO BE NOT RED, NOT GREEN, L
) NOT BLUE, NOT CLRCLE, OR NOT TRIANGLE. :

- ‘ »

~ ) .

-

- " - 4 N . .
V : : &
88 R CJ ] . .
PUT THE LARGE RED CIRCLE IN AREA 2. . Y

This S&rticular block performs a perfect splift of the hgpothesis
apace, i.e. it rules out NOT GREEN, NOT BLU?,'and NOT TRIANGL

-« *

A"
Bl P o . . '
PUT THE LARGE‘GREEQ CIRCLE IN AREA 2.
. Rules out NOT RED.
$#85 Y DI - . ' y ! . \
Monitor decides that the answer to thﬂf uestion or blo¢k placement
" was deducible from the known information. nece .the blogk the student
. 5  .chose contained both possible: values for CARD A (it is’both YELLOW and
* . i . ) ] ’

roo- : . -6~ . o A

‘ ‘ '1“1 : : ; o .

-
.
-
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NOT CIRCLE) it necessarily had to fa13 'In CARD A’s area (AREA 1 since
-~ CARD B is LARGE}, and therefore couldn’t give him an{ new information

about the value of Card A. Since the s udent is placing a redundant
+ block, the tutor is called. The tutor trie? the student

realize that 'he could predict- where that block w ll fall b ore it 13

place N
‘Where do_you think the SMALL YELLOW DIAMBNp will.gor 0 v~
>>>AREA 1 * A

It's true. It could go. there. .
Is there anyplace else the SMALL YELLOW DIAMOND could go? ; (_ ‘
>>>AREA B . , *“ : 2,
- If the student thinks there 13 someplace else "coul 1d go
must have an ingorrect idea\of what Card A could be (s nce he
already knows what Card B

What value could'Card A have’'which would-cause

oy »

s
L ad - L4

the SMALL YELLOW DIAMOND to go in frea 42 o N

>>>NOT GIRCLE

*If Card A were NOT CIRCLE, the&gMALL YELCBH DIAMOND

would go INSIDE of.Loop A and .

¥hat value cduld Card A have which weuld cause - ’ -

iatne SMALL YELLOW DIAMOND to go in Area 47, ) -

>>>NOT DIAMOND .

If Card A were NOT DIAMOND then the LARGE YELLOW DIAMOND o -.

which is in Area ¥ would be OUTSIDE of Loop A - ‘ .

What #alue could Card A ‘have which wquld cause
§h§ gﬁéLL YELLOW DIAMOND to go L ATda U7 . ’ -
here aagﬁlace sides Area 1 that the SMALL 2|
YELLON DIAMOND coul . v . \
>>>N0 ’ .
‘When there is only ong place a block an go, it s
.. hot helping you guess what the cards a .

- - ) r \1"
« 4 “v

PUT THE<SMALL YELLON DIAMOND IN AREA" 1.

LR LR i LD LD bl n e e O e O e B OO BT OB 0 W [ Ll T T T TR ) - o o 00 o o @

[RY .

‘( alternative etrate%y of the tutor when called by the monitor is to make

» the student aware hat his block is not splitt g his hypothesis space.
The following 1s' an example of this. The remainder of the protocol resumes
after the next solid line, .

SRR { « o
---CHOOSE* A, BLOCK--- * g -
#8385 Y DI . <

The first step in the strategy is to §et the "student to verbalize
. the possible .theories for- the card f he were wrdng on any of
\, them, , counter- gxam les would be given. If there were more

/' - Eossibilities t e student’ lists, the tutor would work with
- he subset the student gives. )
Y%ou tell .me some gossibilities for Card A? ~ .. ‘ o
>>> LLOW AND NOT C‘R LE ‘ F . ’
Both of those are possibilitles. .~ )

4
Nexf +the tutor asks if his block split3 his h{pobhesia space.
Since he believes it would, the tutor - walks o through the
i _ deductions; to show him differently

g%i% the SMALL YELLOW DIAMOND eliminat? either of thoae theortbs?

e

T in Area 4. d ¢ Lo




a8 -

. would the SMALL YELLOH DIAMGND go INS DE or OUTSIDE v

. . .of a loop which had a. card value YEL :

§i>ggsma . , . .

would the SMALL YELLOW DIAMOND go INSIDE or OUTSIDE .

of a looE which had a, card value ,NOT CIRCLE? ' . A
>>>INSID . - :
Right

. So you know. that the SMALL YELLOW DIAMOND oes INSIDE-of . . E .
Loop A no matter which of thoseﬁvaluea Card A has. . - > ¢

, PUT THE SMALL YELLOW DIAMOND IN AREA 1 n -

.

S e—--CHOOSE A BLOCK-=-- .
' BER] Y C
T PUT THE LARGE YELLOW CIRCLE IN AREA 3.
/ YOU SHOULD BE ABLE TG DEDUCE CARD A NOW. ‘

; . This. block " eontains the neEation of one -of the hypotheses for CARD A P
. L. : ENEGAEION(NDT CIRCLE)) =CIRCLE; and. holds the other one constant .
1! - : YELLOW) This is the correct etrategy for breakin down a h pothesis
ace, The tutor tells him tnat he did just that and should now be
} .o : a le to deduce the card. .

#%87S CARD A YELLOW ' : N g -
YES, THAT IS CORRECT. . .
- 10U HAVE NOW GUESSED BOTH CARDS. .. L& A

--which he doesf . o " o

, ) PROTOCOL 2 A (

In this protocol the tutor is alerted that a card can be deduced and

- enga%e in one of its Socratie dialogues to get the student to see why -

- . this isl he case. " Note, these. are the same two block choices that began
- Protocel *. ) ) ¢

~

— -

S . ====CHOOSE_A BLOCK==-— L . . E ‘
##% ARGE YELLOW SQUAR * _ >
« POT TS LARGEC TELLON SQUARE IN AREA 3. .

.. ~— .
EREg ‘

PUT THE gﬁkl. YELLOW SQUARE IN AKEA' 1. o ) - Y

%
The student - shoulg be able to fIgure out Card B is,  But
instead of guessing it, he places another bloc . )

-
£

\ - Q ~ \-. ' . - .
- . g .- . , ) . . .
. “'L Y DI ‘ * S ’ - ‘
i onu tell me some possibilities for Card B? - . ’
>>> RGE, SQUARE AND YELLOW

g -
* - PR |

.
;
» * v
. , -8~ .




3

14

s

<
™Mo choose)

~ 7

: T
The.tutor asks the student about Card B It ssible that the
student has -just not tonsidered it because the cks beth fall

L . in loog R en the student gives three possibilities, the tutor
, Y evalua eg each giving coun er-examplés to  the ones which are
ncorrgc ) .

.Card B eéuld be LARGE. -

If Card B were SQUARE then the SMALL YELLOU SQUARE ’ . .
which 1s in Area 1 would be INSIDE of Loog

And if Card B were YELLOW then the SMALL ELLOH SQUARE
which 1s in 4rea 1 would be.INSIDE of Loop B

Bg takin% the initiative the tutor. has gotten the —student to
serve that his reasoning is incorrect. .
PUT THE LARGE YELLOW DIAMOND IN AREA 3. - < . T

- - -

*

N - L 4
QE‘he third protocol reflects.a substantially expanded set,of monitors.’
that wateh ' for

In this version, there are monitors instances'(wben .
‘higher-order information can be loglcally deduced- (beéides Jjust “the
identity of a card) Such an example might be that, .given the current

one can logically conclude that a card could not be
of the

placement
any SHAPE.
possibilities for a card

of blocks,

" These more abstract characterizations
. stem from knowlng general rules4or principles
about

if there are two blocﬁs of the same shape, one of thed

about the structure of this ‘environmént. For
is that
inside a loop and the other outside of a loop, then the card for\that loop

This 1s a ndn-trivial

example, orfe rule.

shapes

can't’ be either a positive or negative _shape.

abstractlon, and helping students to discover, such abstractions 1s a

worthwhile goal. The third protocol demonstrates monitors for these
. "t

-
abstractions.

In addition-to these,monitors, the :expert's’ capabilities have been
expanded to compute 2 measure of the expected and actual lnformation gain
questior (i.e. block choice). This

(together with the apility to remove blocks, which is included in BLOCKS

from any particular information .

though not shown) enables the student to experiment with the effectiveness
) of different decision- %trategies and enables the tutor- to provide
substantive hints as 'to what 1s the best next question to ask (i.e. block

Thia facility,,
without a cpmputer, introddces the student ‘to an

which would be nearly impossible to realize
exceptionally " powerful
idea -= namely the

¢oncept of actual vs: expected information ~= thus

providing another point of view on the meaning of a redundant question.

remaining , .
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. " _ This protocol is the same game that was played 1in Protocol 1 i.e.
the samé vaiues "for the cards‘and the same sequence of blocks. In this .
. : . Erotocol,,however,“tne information monitor and. the event monitors have been
urned onh, The pqotocol also ildustrates the use of the HINT command.
' . . 27 ’ ’
TWO CARDS HAVE BEEN CHOSEN. = "I - o i
--=CHOOSE A BLOCK---f . . ‘
. S48 ARGE-T SQ . _ . ’ ‘
’ PUT THE LARGE .YELLOW SQUARE IN AREA 3.
The exgected infeormation content of. that block was 1.0
The actual information contentwas 1.0 . : s,
o - ) - - .

Tne measure of information has been normalized-so that a pepfect
sglit of the hypothesis .space of beth cards 1s 1.0. The best Lo
block generally has expectgd information of about “10. (It 1is )
- sometimes *esS than 1 becafise the Initial set of theories is not
a power of 2 s6 theory sets of odd number arise.) BLOCKS can
v grint out the expected infgrmation gain of the best block as will
e shown in the next interé&ction. ’

- #e8cMALL YELLOW SQUARE o )
. PUT THE SMALL YELLOW SCUARE IN AREA 1. .
’ The expected information content of that block was .50 . ’
The actual informatiocn-content was 1.67 ‘ s
The best block had an expected information of .99 ’
Notice that in this case tne student gambled with a "bad" block -
" . and won. That 4is, he placed a block with a low expected
! . information but whicn had 2 verz high actual information. The
information monitor wrovides™the student a new tool with which to
- gomgage strategies and cnoose between alternative ways of making.
ecisions. . 7.

> Below are the event monitors which were fired by the placement of
this block. In future systems, these monitors would invoke the
tutor similar to the way the placement of a redundant block dges
now. Notice trie number of event monitors which fired -~ t %s
confirms the fact tnat tne actual information galned by this
block was quite high. . .

e

must be size

Card B ) .
Card B must be positiye : ,
- Card B can't be shap
N Card B can 't be colo -
. Card B can't be negative : .
Card B can't be positive snape . - N
- . Card B can 't be positive color ’ . .
= Card A can,t be size- y 9 . .
. Card B can't be negative color - ] -
Card B can’'t be negative shape . . . a
) 28] ¥ DI :
¢ PUT THE LARGE YELLOW DIAMOND IN AREA 3. . .

) A . - .
’
G -
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. <y
The expected informaticn nsent of that,blo was- .4 N
The acgﬁal information- cdggént was..2 o i; _]

Card A can’t be)?bs%‘ive \‘siaqu‘ . Y A

(% . 4== .

A 4

saafgVRT . '
~\h ‘ I think placing a NOT YELLOR éfIRCLE or, TRIANGLE would be a“good idea. :

The HINT cpmpand e information measure to determine the
@ set of blocKs with the highest - expected gain. An intensional
- description ‘of ,this s is then calculated and given to the
“ studen The inzensional description-allows the student to see
oo wh%ch attributes arg critical to the splitting of the hypothesis
N . space. ' ,
- > - - - ‘ \.
& ~ "\_n N .
' . #%%L R CI ’ /\ X e
. PUT THE LARGE RED CIRCLE 'IN AREA 2. ‘
" The expected information contemt of that block was .5
The actual information content was .5

A ) ~, "O

’"HINT B N : &

. . © I think placing a NOT YELLOW thing which is not CIRCLE a BQUE or GREEN
thing*OR & NOT RED_CIRCLE would’ 2& a good idea.

. ‘The possibilities for Card A are YELLOW NOT RED, and NOT CIRCLE.
— These are the bdocks that will split this hypothesis space.,

vl‘ » . .
. . . . -—
x P 4

) i S L. ' , . .

It must now be clear thatihe\logical‘ inf‘or‘taation‘ being computed for
the autémated tutor is very large .and 1if the tutor were simply to pass it
,on to the student.or, for example, quePy him each time "a monitor deduced
some fact, the student would cbllapse in a state of information overload.
The’tutcr is in need of some guid ng;princigles for determining which: of
this informatfon 1is importaht‘to a particular studént‘at a given moment.

S
~ 3
P

* Rules in the Attribute*Blocks;Domain T . L. )
Experienced students o? attribute-blccks begin f$o0 notice intere!’i ng
relationshipe among the placed blocks that can lead to conclusions that are

not immediately pbvious. For example, if there are reg,blocks both inside
" and outside Loop 4, then Card A cannot be.any positire or negative color! .
. (Proof of :this theoren 1s.left as an exercise to the reader ) An expert

» Studept of attribute blcctj/recogn zés and uaes auch relationshipe to guide

N -
. -
»

'~. S SR | T . :




! ta *nis nypothesis formation... The’ computerized expert in an intelligent a :

instructional sys;em must be able to do the same. A central premise of

intelligent knowledgeabased CAI is that good tutoring can point out
structure in an environment which might have otherwise been missed: and in
so doing, it allows the gtudent to enrich his understanding of (and skills. - -
in) the environment. This statement is particularly true in the attribute -
blocks domain, ‘where much structure exists, ahd much can be overlooked
without the Assistdnce of a tutor. ‘ T ‘
, The attqihﬁte blocks domain, much like the oomain‘ ; geometry, cap be
characterized by- a set oﬁ-axioms'and‘theorems.- Thé basic axioms of the
Blocks*world are axtremely simple;« Eaéh_block has‘%ia tly three attributes
whose. values are selected from one of the three lists:‘nzzmwo blocks have
more than two attribute values in common, ete. As¥L ometry, it 1s the
Lheorems that provide an interesting destription of the domain. Although
the Blocks domain can be ‘described in a formal mathematical manher, that 1is
not the purpose\\éf enumerating 1its theorems* the interest here is 4n

! prpvidi“ a basis for grasping some of the principles of deduction‘xand
deéiaion makKing. ’ )

In attribute blocks, as in geometry, "higher-level" theorens can be
built upon\"lowe -level" ones, that 1is, there exists a minimal set ~of
p rules from WY all others can be derived. 1In the attribute blocks world,

this minimal set'consists‘of just_one theorem (also viewable as a palr of

. ’ -theorems), along with, of courSe, the axioms that define the game: (This

( theorem 1s the first in the list below.) By providing BLOCKS with more
than this one theoren, the system refieota'the’abilitx of people to think .
in higher-level terms N

R Tﬁgssetfof four theoreps‘given below represents an effort to enumerate

v

those theorems which arei in some way "basic" to the attritute blocks ':4
* domain;' easily proyahle; most likely to be used by a person playing
» ~ +attribute blocks; and ‘a good ‘basis for a set of tutoring strategies for .

the game. " Note that this set is neither minimal nor exhaustive.‘ The four

* _theorems are:

- ) ) ' 3
‘ ~ ., ” -~
. %y =2 . y I}

~12- o ' ' :
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) < Given a Loop‘L and associated'cnrd c, . ) 8
1. For any block inside L, rule out q;l positive, attribute: véiues etcept
those exhibited by that block, and all negativea af the values exbibited

by the block, from the possibilities {or C. For any block outside L,

rule out all positive attributes of the block .and all negatives of
attributes not exhibited by the block. . -

2. If the (positive) value f an attribute appears on blocks both inside
and outside L, then mule out all values, positive and negative, of that

attribute for C. 3. —~

rule out all values of tha~_/ttribute from the{possibi’ities for C
4, If 2 or zore, but not Z11, (pdsitive) values. of an attribute appoar,

inside " L, then ruye out-all positive values of that attribute. If 2 or

more values appear °ﬂ£31d? L; tnen rulerout 2ll negative values of that

attribute.

A fifth rule, wnich ﬁéy'séen‘ogvious but is nonétheiess importamt, is that

if all subcategories of an attribute have been eliminated, then .rule’ out

that attribute. ) .
Rule Application - . _ V b
- . The abBstractions of v;\?es into higher-order attributes can bé viewed .

as a "theory" tree such.a&s is snown in Figure 3. The process of deducing a
card in attnibute blocxs is equivi}ent to p he —theory "tree™ for
that card until all but ope path froz the top node to the terzinal
attribute ;5lue is eliuinated The expert saintains thig tree by exazining
the environment (configuration of placed blocks) and determining which
rules are applicab’e (1) * when it finds an applicable rule, it ®"kills™ the
tree node(s) corresponding to the eliminated possibflities by attaching’
/’information to ther on why they were killed. This information includes the
name of the rule that was ingoked and the names of the blocks that cauged
the..ré%é to succeed. ‘Thus, the 'live".nodesi§re those that have no -such
ffforeation attached. ] ii?: - -

- . e .C
. . i, . * ~

(1) One ract or the blocks worid 18 that even though tne- two l1o0Ops
intersect, their theory tbees are independent 50 the expert processes one
loop at a time. ) . .

- )

. -13-'_' )
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. 3. If all values of an attribute appear elther inside L or outsiée L, then

Fi
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The augmented theory trees maintained ly’ the rulé,based. b;pert,,
constitute a large Eata .base for the tutor. By examiniﬂé the trees, the
tutor can answer not only guestions like "Is Card A green?” but also those

* like “Can Card A be a negative color?", "Card A must be positive, right?"

and “th can’t Carg A be a shape?", and provide r€asons for its answers

that the student can comprehend in terms of the theorems, §ven with this
data base‘)owever, she problem of how to answer the general question "Why
can’t card x b"1°“ is complex For example, suppose“gthat the tutor 1s
called upon to  explain why Card B cannot have the value RED. The',tutor
“tnen exaﬁlnes the theory tree for.Card B and discovers that the nodes
?OS;TIV: COLCR, POSITIV:, and COLCR have all been killed, a$ well as the
HED node. Does tne tutor then exp}ain that Caré B can’t b; RED because it
,can'ﬂ te any holor, because it can’t be positive, because it can’t be a
posi tive'color, or just becaus® RED itself is contradicted? . .

The solution lies i{® "trying to understand the reasoning lfiocesa $sed
uy tne student.. If the student, through his block placement and/or
questions to the tutor, has shown & good grasp of the theorems iavolved 1n
the deductions necessary to qgle odt RED, theh it 1s likely that he has
mere‘y overlooked a placed block that contradicts his “hypothesis.(2) ' On
she other hagd, if the student has failed to exhibit understand{ng of
tneorems the tutor begins its explanation at the lowest level thgoren that
tne sbudent hae failed to grasp. Thia, of course, begs the &foicult
question® ot how the tutor can determine what the student kaof/,f Thia is a

continuing research area. ‘ ] -

L

\

P - r . -

- - A} -

Sygtem ge?érigtion N ,

The BLOCKS system has been structured.td allow ex:f}iéentatien *with
various tutorial and assistance modules. .For more detall, the readgg is
directed ¢o Lﬂrown et 2l,1975]. 1In this section we will describe the
overall 'structure of BLOCKS, and the workings and responsibilities of the

-

individual modules. Figure 2 shows the basic organization of procesaes and

~

data within thé’ﬁiocks systen. - ' . S .
[}
./ a .
' . .

(27 Having overlooxed a block is noz a “Ibllit il tne theory trge shows,
more than one way of ruling out RED whioh seé different blocks. .

-

-

wlf-
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/ Executive . ‘ S Y ) . .

The executive has respongibility for the contrgl flow within. «thé
system._, The tyglcal control path to process a student s/statement is as
follows: The executive reaQa the 1input statement” from Lthe student and
passes " it to the natural language .underStander. The natural language\

' "< understander identifies the Intent_ of the statement " and .retﬁrns 1ts t

semantic structure which contains the pertinent irnformation ggr one of
endirdnment maintainers (unless, of course, the statement was directed to
the tutor or one of the monitersk. The 1@xecutive calls the prope

maintenance redtine which carries out the- appropriete change ;to 4

environment. At this point the tutor knows the student’s move and what the - |
" ‘result of that move will be. -ﬁowev'r, be}ore'lt tells the student where g

the block goes, 1t can query the student adout. what he had 1in -m{ék by \

placing that block or he Tan poiné out things that the student should, have

known but 5idn't (because if he had, his present blozk choice would have " .

been different). After the tutor has finished, the :executive calls the -

// N natural language generator to tell the student where the block goes. Theh
- the tutor 1s called (again invoking the monitorg) to declide whethe% £o,
: further explain the results of the block choice or the ramifications of 1t.

Hatural Language Understander < ‘
The classes of sentenges used 1in BLOC&S to date. have been fairly ¢
_straightforward and are bandled quickly and easily by a small semantic
grammar processor [Burton 1976]. The Blocks grammar has abéut 15 semantic
categorie§ with very little complexity. The flexible framework provided—by
. the semantic grammar was particularly useful in writing rules to recog;ize, - -
descriptions of blocks. Without it, the understander would have been much

- harder to write. . .

knvironment Haint?nance - . . X
BLOCKS 1s designed around the envircoment of a student playing with_-
attribute . blocks. This “énvironment consists of the values of the.‘card

the locations of blocks which have béen placed and the posaible theo
for the  cards which are consistent with the-placed blockg.(3) e tasks

I

(3J The 1ist of possIBIIIEIes can be recalculated Ifrom the blocks but was
deemed important enough to make it part of the environment.

¢ . . «15=




involved %n paintaining the blocks environment are performed by procedggal
~’/jspecialist§ oalled‘ environment maintainers. These tasks include placing
..and”’ removing blocks (includiﬁg fdetermining where blocks should g0),
printing the present boaré‘cdhfiguration, setting up “the-rcards to begin a
game and stopping the sesgion " The effect of each of these maintenance
ac‘::ns i§ to cnange some portion of the data base which is examined &%

i 7/
us times by the other modules. : '

’
~Monitors . ~ ‘ T

var

To study the effects of v*rious types of services. whicha.the attribute
blocks laboratory could provide, variods monitors were deiﬁgnbd and
implerented. We shall describe two: the Remaining Possibilities monitor

- apd the Infordgtion Gain monitor

*

“Remaining possibilities monitor: - ’ . e
In .order to allow the student to see the éffect that placing certain
blocks had on the theory sets for each of the cards, a monitor' was written
"~ which ealculates all of the possible values for each of the cards from a
confiéuratibnNOf Plocks, By invoking this monitor via a call to HELP, ‘
together with being_ able to remove blocks, the student can discover how
<ertain blocks (questions)swill split a set of possible theorieé,_ This
monitor  can also inform the tutoring rowtines when redundant blocks are

placed or when a set of‘possible theories is reduced to one element.

. Information Gain monitor . _ s N

The attribute blocks world is an excellent domain to study problems of
decision-making such .as what makes a good question. The expected
infqrmaticn. gain of ﬂ‘ block and 1ts actual information gein provide a’
valuable metric for evaluating alternative questions. The expected
{nformation gain of a block is the sum over the four areas of the amount of
_information gained by that block 1ing” 4in that area, times the
probability of it falling there ( We probaBility of a block falling in an
area depends upon the remaining possibilities of a card.) The actual
amount of information gained from a block falling in an area is the
logarithm of the percentage ‘of possible theories that block eliminated . (in
the cross product space of theories for card?A and theories for card §).

-

’ % - - ’ LI | / / . - *
. .




‘ g )
? beginning theory space has 324 members (18x18), the expected number of ~.

.

-

1

hd ~

K ~

The logafithm is taken base 4 sfnce each question ‘has  four .poésibie"

answers (each bleck could go in one of four possible. areas). Since the ¢

,duestiéng_required to isolate one individual element is LOG 324 (Qase 4) or
about 4.2. When the total actual information gain of the’student’s blocks
‘totals 4.2, he &2n deduce both cards. By seeing both the expected and
_actual” iﬂ}ormation gain, the student can begin td develop 1ntu1tions/99661

-

. ’ ) _—
The Tutor and Its Tutoring Strategies . ql

The {utor is invoked when either: 1) “the student hus b aced a

"good" questions.

- redundant block; or 2) "the student has chosen another block when he

should have been able ;o deduce a card from the currently placed bldcks.
Tne Tutor attempts through é series of Socratic Aiélégues to dirgct the
student’s attention to aspects Of the situation that he may have missed.
Protocols 1 and“ 2’ shby_'several’;xémples of the Tutor inter%ening‘in a
student ‘s asession. At present the Tutor has three Socratic etrategies:

1) If the student fails to deduce a card, try to get him . to say what he
thinks it could be and show him by counter-example where he is wrong;

'2) If the:stugent places a redundant block, try to get him to predict where
. 1t will go and convince him that is the only place i} could go;

%)‘If the student places a redundant block, et him to articulate some

{ggg%ﬂing theorles and to chodse a block which would distinguish between
From exﬁeriments, we have found this tutor}ng to be valuable although at
present it is much too oppréssive! ﬁhen to tutor and when not to is a yery
difficult problem whose Solution will require a structural model of the
studant together with a better understanding 'of the effect of various

teaching strategies. XOne of the purposes of BLOCKS is to provide é_ good

~ framework in which to Explore_these 4ssues. ; b . *
X

5

Expart Rule-based ngmér . . |

. ;Since the basic aétribute blocks rules described earlier represent a
set of discrete prgguction rules, the dec;éion ﬁaévmade to use an existing
production ,rule interpreter for thei{;implementation. The Rand Intelligent
Terminal = Agent (RITA), -whiph‘ was developed at Rand ané.augmented and
implemented in INTERLISP by R. Bobrow, was chosen. RITA accepté rule sets

L / -
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) in an. English-like notation and translates them into LISP functions which

/// ’may therr be comgiled and applied much‘liﬁe any other LISP function. v

‘ In (the.LISP version of) RITA, objects are represented . as 1ist

./‘ structure, in phopenty-listi format. Tne property hames are the objects’

attrioutes; and the property values are the values of those attgibutes

possessed by the objects. For examples the representation of the 32
attribute blocks is a 1ist of 32 elements, each of the form

: ) (NAME LRS SIZE LARGE COLOR RED. .) N

One of the primary features of RITA is tne ability to."instantiate" objects

ba%ed ¢n their/ attributes ,Gﬁe “also call other, LISP functions,

whether hand-coded or compiled Irom RITA r le séts, from inside a RITA rule
J\ ;

et 1T - -~

An example will serve to illustrate‘the format of RITA rules. One
rule fn\ the main rule set of the rule-based expert eliminates the node

like this: . L . ..
~ ) 7 v
rule CQOLOR/IN&OUT . ﬁ
if ¥ there is a BLOCK(B1) whose name i 1 CONTENTS of LOOP
and there is a BLOCK(BZ) whose NAME in OUTSIDE of
- wpése COLOR 1s COLOR of BLOCK(B1
then SAYCAN TBE(COLORf NAME OF(LOOP COLOR/ FOHTS <
__~ BLOCK(BH), BLOGK B2)

/ .
In this éxample, lowercase wurds are RITA keywords and uppercase words are

“names qf objects and attributes in the‘,R?TA environment. LOOP is a
parametér handed to the rule set, and has at%ributes that indicate which
blchE/ have been placed‘ inside and outside of it. SAYCAN’%BE is a LISP
function responsible for massaging the theory trees. In- the detual rule

’ ’ set used b_y' bﬁ "the exper't the rules are slightly more oomplicated to

eliminate duplicdtions and permutations.

\ -
- Conclusion ,
. » §
In this paper,. we have described the philosophy of Vintelligent
. instructional systems and presenkted an example of such a system (BLOCKS).

’ The notion of BLOCKS as a paradigmati¢ system was explicated from both the

’
& 7
,

v (4) See tﬁEJHiTA User s Hanual [Weissman & Bobrow 1976)] for a description
* of the operaEIonsanE capaBiIIEifs of RITA. . .
-8«
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*COLOR from the theory tree of a loop if the Same, color is represenﬁed both.
inside and outside the loop. In slightly‘abridged form, that rule looks
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4 system development .agd educational points of view. From a developmental
. point of view, the modular 1design of BLOCKS provides a functioning _ i
. ' framework withi% which ‘to explore differént monitoring functions and
. - -
. various tutoring strategies. A particularly . interesting digcovery that’ A

agrose from texper;ménting with the system was thé need for a §§rueturél

model of\the stu&ent to " direct the content afid level of thd Lutor’s

comments. From an ggycational. viewpoint, BQO&KS ,pro;ides a dragat{c- i
exeﬁple of 'Fhé- potential of a compuferf;ed '1ntelli§ent _t?toé Ln.'a
.laboratory environment. By monitorfpg the student’s behavior, the system
can notice interesting -events and direct the student’s astention to them. °
In thig :way,‘ the computer can actually provide conceptual structure and

guidance to a student’s otherwise undirected experlences.
¥ . .
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